MicroRNA Dgcr8 Inhibitory synaptic transmission Parvalbumin interneurons Prefrontal cortex MicroRNAs (miRNAs) are critical regulators of nervous system function, and in vivo knockout studies have demonstrated that miRNAs are necessary for multiple aspects of neuronal development and survival. However, the role of miRNA biogenesis in the formation and function of synapses in the cerebral cortex is only minimally understood. Here, we have generated and characterized a mouse line with a conditional neuronal deletion of Dgcr8, a miRNA biogenesis protein predicted to process miRNAs exclusively. Loss of Dgcr8 in pyramidal neurons of the cortex results in a non-cell-autonomous reduction in parvalbumin interneurons in the prefrontal cortex, accompanied by a severe deficit in inhibitory synaptic transmission and a corresponding reduction of inhibitory synapses. Together, these results suggest a vital role for miRNAs in governing essential aspects of inhibitory transmission and interneuron development in the mammalian nervous system. These results may be relevant to human diseases such as schizophrenia, where both altered Dgcr8 levels as well as aberrant inhibitory transmission in the prefrontal cortex have been postulated to contribute to the pathophysiology of the disease.
Introduction
MicroRNAs (miRNAs) constitute a class of highly-conserved,~22-24 nucleotide (nt) long non-coding RNAs that bind to the 3' untranslated region of target mRNA species, leading to translational repression or mRNA degradation (reviewed in Bartel, 2004) . The classifications of miRNAs and other small non-coding RNAs have been determined conventionally by the sequential processing reactions that constitute their biogenic pathway (reviewed in Cao et al., 2006; Kim, 2005) . Canonical, or "classic," miRNAs are generated by the double-stranded RNA-binding protein DiGeorge Critical Region Gene 8 (Dgcr8), which complexes with the RNase III enzyme Drosha to cleave initially long primary-miRNA transcripts into~70 nt stemloop precursor-miRNAs. These in turn are then cleaved by the RNase III endonuclease Dicer to produce 22-24 nt mature miRNAs.
In mammals, miRNAs are expressed in the brain (Krichevsky et al., 2003; Sempere et al., 2004; Miska et al., 2004) where their abundance and powerful regulatory capabilities may have particular importance for controlling both homeostatic and dynamic aspects of neural function. Initial investigations of miRNA-dependent phenotypes in rodent brain have principally focused on characterizations of total miRNA knockdown via genetic ablation of Dicer. These in vivo and in vitro studies have ascribed critical roles for miRNAs in regulating developmental processes including neurogenesis, proliferation, cell fate determination, and survival (Cheng et al., 2009; Shibata et al., 2008; Davis et al, 2008; De Pietri Tonelli et al., 2008) . These and other seminal reports have greatly advanced the miRNA field; however, recent studies now indicate that Dicer does not exclusively process miRNAs and in fact has important functions outside of the miRNA pathway. Consequently, some of the phenotypes associated with Dicer deletion in the CNS could be attributable to its miRNA-independent effects, via pathways involving endogenous small interfering RNAs, non-canonical miRNAs, or Alu RNA elements (Babiarz et al., 2008; Kaneko et al., 2011; Shapiro et al., 2010) . Because the RNase III enzyme Drosha has been reported to have a distinct role in pre-rRNA processing (Wu et al., 2000) Dgcr8 may be the only protein within the processing pathway that is specific to miRNAs. Therefore, identifying the neuronal phenotypes associated with Dgcr8 loss might be the only experimental paradigm capable of deconvoluting the specific roles of miRNAs within the brain. Moreover, the development of cortical microcircuitry and synaptic function remain almost entirely unexplored in this context.
In order to investigate these outstanding questions, we generated a novel mouse line with Dgcr8 conditionally deleted from principal neurons of the cortex (Dgcr8 Analysis of synaptic currents onto Dgcr8 fl/fl ;Cre pyramidal neurons in the prefrontal cortex (PFC) revealed a strong decrease in the frequency of inhibitory postsynaptic currents (IPSCs). Coinciding with this deficit were selective reductions in parvalbumin interneuron numbers and perisomatic inhibitory synapses. Together, these findings demonstrate for the first time the consequences of conditional, specific miRNA loss in the mammalian cortex as well as reveal an important non-cell-autonomous role for miRNAs on inhibitory synaptic transmission and interneuron development.
Materials and methods

Generation of conditional knockout mice
Conditional deletion mice were generated using a previously established line in which the third exon of Dgcr8 was floxed (Dgcr8 fl/fl ) via targeted homologous recombination (Rao et al., 2009; Wang et al., 2007) . Mice were maintained in a C57/Bl6 background and backcrossed at least 4 generations. Dgcr8 fl/fl mice were crossed to a line expressing
Cre under the endogenous NEX promoter, which is expressed nearly exclusively in pyramidal cells from the neocortex and hippocampus (Goebbels et al., 2006) . A heterozygous mating scheme was used to maintain at least one wildtype copy of the NEX gene in all progeny. A tdTomato strain driven by the ubiquitous Rosa promoter followed by a loxP-flanked STOP cassette (Rosa-LSL-tdTomato, Jackson Labs) was also crossed to the Dgcr8 
qRT-PCR
Total RNA was extracted from the PFC of P16-P17 mice using traditional Trizol methods. To evaluate gene expression, 100 ng of total RNA was used to generate cDNA using the Taqman Reverse Transcription Kit (Applied Biosystems). qPCR was performed using SYBR GreenER qPCR SuperMix (Invitrogen) on a CFX96 Real-Time System and a C1000 Thermal Cycler (Bio-Rad). GAPDH was used as an internal control. To evaluate miRNA expression, 1 μg of total RNA was reverse-transcribed using the Taqman MicroRNA Reverse Transcription Kit (Applied Biosystems). miRNA qPCR was performed using the Taqman Universal PCR Master Mix (Applied Biosystems) and custom-designed Taqman probes (IDT DNA) using techniques previously described (Tang et al., 2006) . For sequences, see http:// urology.ucsf.edu/blellochlab/protocols.htm. The U6 snRNA (ABI) was used as an internal control. All qPCR reactions were performed in triplicate and relative quantifications were calculated using the Pfaffl method (Pfaffl, 2001) .
Anatomy and cellular analysis
For Nissl staining, brains were extracted from P16-P17 animals and fixed overnight in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. After cryoprotection in 30% sucrose, 25 μm coronal sections were serially collected using a Leica CM1900 cryostat. Sections were stained using an aqueous chrome alum-gallocyanine method (Kiernan, 1990 ) and images were obtained at 2.5× magnification using an Olympus SZH10 microscope and at 10x using a Zeiss Axio Imager M1 fluorescent microscope. Anatomical measurements were evaluated using ImageJ software (Rasband, NIH). Cross sectional cortical thickness was measured across the primary somatosensory area at Bregma −0.08; brain diameter was measured at the widest point across at Bregma −0.08; and the cross-sectional area of the hippocampus was measured at Bregma −2.055. Prefrontal cortical measurements were taken at Bregma 1.545 (Bregma values are given for corresponding coronal sections in the wildtype based on anatomical landmarks). For Golgi staining, the FD Rapid Golgi stain Kit (FD Neurotechnologies) was performed according to the manufacturer's instructions. Sholl analyses were conducted on Golgi-impregnated sections using NeuronJ, a customized plug-in for ImageJ. Pyramidal neurons from the medial prefrontal cortex region were analyzed, and dendritic intersections were counted with a radius step size of 12 μm. TUNEL labeling was performed in PFC coronal sections using the FragEL DNA Detection Kit (Calbiochem) according to the manufacturer's instructions.
Chemoconvulsant-induced seizures
Prolonged seizures were induced in P17-P18 Dgcr8 fl/fl ;Cre and Dgcr8 fl/fl animals by intraperitoneal (IP) injection of pilocarpine (320 mg/kg, Sigma). Scopolamine methylnitrate (1 mg/kg, Sigma) was administered via IP injection 30 min prior to the pilocarpine injection to limit peripheral cholinergic effects. Mice were observed for at least 30 minutes after pilocarpine injection, and seizures were quantified by using the classification of Racine (1972 Immunohistochemistry P16-P17 animals were deeply anesthetized and transcardially perfused with saline followed by 4% PFA. Brains were then harvested, post-fixed, and cryoprotected in 30% sucrose. Coronal sections were collected at 20 μm using a Leica CM1900 cryostat. Staining was performed in phosphate buffer (PB) containing 0.2% Triton-X and 10% goat serum overnight at 4°C using antibodies against calretinin (1:3000, Millipore), somatostatin (1:250, Millipore), or parvalbumin (1:1000, Swant). AlexaFluor (Invitrogen) secondaries were used at 1:1000 for 1 h. Sections were mounted using Vectashield with DAPI (Vector Labs) and imaged using a Zeiss Axio Imager M1 fluorescent microscope. To quantify cell number, ImageJ was used to count the absolute number of cells across all areas of a coronal slice taken at Bregma 1.545. In order to assess the integrity of cortical lamination, 40 μm sections were stained using the upper layer marker Cux1 (1:250 Santa Cruz) and the deeper layer marker Foxp2 (1:1000 AbCam). For staining of inhibitory synapses, a tissue slab containing the PFC was dissected on ice and lightly fixed in 2% PFA in 0.1 M PB for 20 minutes followed by cryoprotection in 30% sucrose. 20 μm coronal sections were stained against VGAT (1:1000, Synaptic Systems) and gephyrin (1:1000, Synaptic Systems) overnight at 4°C, followed by AlexaFluor secondary staining (1:1000). TrkB (1:1000 BD Biosciences) and PV co-staining was performed using the same light fixation technique. Sections were imaged on a LSM 5 Pascal Confocal microscope. Inhibitory synapses were quantified by counting the number of overlapping VGAT and gephyrin puncta and dividing by the total number of VGAT plus gephyrin puncta. To quantify perisomatic synapses, 15 μm-diameter circles were traced around DAPIlabeled nuclei and the number of overlapping puncta within the region was divided by the total number of overlapping puncta in the field of view.
Western blotting
Total PFC brain lysates were extracted from P16-P17 animals using a lysis buffer containing 150 mM NaCl, 50 mM Tris pH = 8.0, 1% Triton-X 100 with complete protease inhibitors (Roche). 15 μg of protein per well was loaded into a 10% Bis-Tris SDS-PAGE gel (Invitrogen) under denaturing conditions. Proteins were transferred to PVDF membranes (Millipore), blocked in TBS-T, and blotted against TrkB (1:1000, B.D. Biosciences), BDNF (1:500, courtesy of Xin-Fu Zhou (Zhou and Rush, 1996) ), or actin (1:1000, Sigma) overnight at 4°C.
Results
Conditional deletion of Dgcr8 results in microencephaly and decreased neuron size
In order to specifically remove miRNAs from principal neurons of the cortex, we generated a conditional Dgcr8 knockout mouse line (Dgcr8 fl/fl ;Cre) by crossing a floxed Dgcr8 allele mouse strain (Rao et al., 2009; Wang et al., 2007) to a mouse expressing Cre recombinase driven by the endogenous NEX promoter. In this line, Cre recombinase is expressed in post-mitotic cortical pyramidal neurons and is absent from GABAergic interneurons (Goebbels et al., 2006) . To confirm loss of Dgcr8 and miRNAs in the cortex, we performed quantitative realtime PCR on Dgcr8 and on a select panel of miRNAs highly expressed in neurons using total RNA isolated from Dgcr8 ; Cre = 0.83 ± 0.04 mm; p b 0.0001; n = 6 per genotype; Fig. 1B ). To investigate whether the severe microcephaly was due to a failure of newly-born neurons to migrate to their proper cortical positions, we examined gross cortical layer organization using immunohistocytochemistry. Staining for upper (Cux1) and deeper (Foxp2) layer cortical markers showed that these layer positional identities were retained, suggesting overall intact lamination (n= 2 per genotype; Fig. 1C) .
We next sought to determine whether the cortical microencephaly was due to a reduction in cell number, a reduction of cell size, or both. First, cell density of the PFC region was evaluated by counting cells per μm
2 . An increase in cell density was observed in the Dgcr8 ;Cre mice indicated a predisposition to spontaneous seizure activity induced by cage-handling stress; precautions were therefore taken to ensure minimal stress of the mice prior to seizure testing. Chemoconvulsant-induced seizures were provoked by IP injection of 320 mg/kg pilocarpine preceded 30 min by 1 mg/kg scopolamine methylnitrate. Seizures were provoked in both genotypes, but Dgcr8 
;Cre pyramidal neurons
Common forms of ataxia, seizures, and tremors are predicted to be primarily GABAergic in origin (Chiu et al., 2005) . Accordingly, we hypothesized that there might be perturbations to inhibitory circuitry in the cortex of the conditional Dgcr8 knockout mice. To assess this, we performed whole-cell patch-clamp electrophysiological recordings on layer II/III pyramidal neurons in the PFC of Dgcr8 fl/fl (n = 13) and ;Cre = 46 ± 4 pA; p = 0.002; Fig. 3A , C). The kinetics profiles of IPSC events were similar between genotypes (Fig. 3B, C) . Because alterations in IPSC frequency and amplitude can be attributable to changes in the action potential firing capabilities of presynaptic interneurons, we examined the mIPSC population by recording events in the presence of 1 μM tetrodotoxin. Similar to the spontaneous data, we found a striking reduction in mIPSC event frequency (Dgcr8 fl/fl = 3.9 ± 0.5 Hz; Dgcr8 fl/fl ;Cre = 0.6 ± 0.1 Hz; p b 0.0001) and gain in mIPSC amplitude (Dgcr8 fl/fl = 24 ± 1 pA; Dgcr8 fl/fl ;Cre = 30 ± 2 pA; p = 0.02). Together, these data show that Dgcr8-dependent miRNA biogenesis is required for the normal development of inhibitory synaptic transmission, and pyramidal neurons deficient for Dgcr8 display a decrease in IPSC frequency that is accompanied by an increase in IPSC amplitude.
Perisomatic inhibitory synapses are reduced on Dgcr8 knockout pyramidal neurons
In order to determine whether changes in inhibitory synapse number could account for the changes in IPSC event frequency, we used immunohistochemical colocalization of the presynaptic vesicular GABA transporter (VGAT) and postsynaptic gephyrin to quantify the number of inhibitory synapses. Quantification of the percentage of colocalized pre-and post-synaptic puncta in the PFC revealed no significant differences between Dgcr8 knockouts and wildtypes, suggesting no change in the total number of inhibitory synapses in this region (Dgcr8 fl/fl = 11.8 ± 1.2%, n = 3 animals; Dgcr8 fl/fl ; Cre = 14.2 ± 3.6%, n = 3 animals; Fig. 4A, B) . However, certain classes of inhibitory neurons form a small percentage of the total number of synapses yet exert a powerful influence on inhibitory drive due to the localization and properties of these synapses (Markram et al., 2004; Miles et al., 1996) . We therefore extended our examination to specifically quantify the inhibitory synapses surrounding the cell bodies. This analysis revealed a 25% decrease in the number of inhibitory synapses localized perisomatically (Dgcr8 fl/fl = 39.2 ± 4.1%, n = 3 animals; Dgcr8 fl/fl ;Cre = 29.4 ± 2.1%, n = 3 animals; p = 0.02; Fig. 4C ). We therefore predict that this reduction in perisomatic inhibitory synapses can at least in part account for the reduction in IPSC frequency.
Selective loss of parvalbumin interneurons in the PFC of Dgcr8 conditional knockouts
In order to determine whether the changes in inhibitory transmission and the selective reduction of perisomatic inhibitory synapses could be attributed to a specific class of interneuron, the total population of calretinin (CR), somatostatin (SST), and parvalbumin (PV) subtypes was measured using immunohistochemistry.~95% of all cortical interneurons can be accounted for using these three markers (Wonders and Anderson, 2006) ;Cre= 284 ± 39 cells; Fig. 5A ). In contrast, when we examined the third class of interneurons, we found a dramatic reduction in the number of PV-positive cells in the To establish that the reduction of PV interneurons was not simply due to misexpression of the Cre recombinase outside of the NEX lineage, we crossed a Rosa-LSL-tdTomato reporter line to our recombinant strains. Staining for CR, SST, and PV showed no overlap with Cre reporter expression, which confirms the published expression of the NEX-Cre line (Goebbels et al., 2006) and indicates that the phenotypes observed were not due to Cre expression within these inhibitory cell types (Supplemental Fig. 4) . Together, these results demonstrate a selective loss of PV interneurons in the Dgcr8 fl/fl ;Cre PFC.
BDNF and TrkB expression are reduced in the Dgcr8
fl/fl ;Cre PFC Maturation of interneuron subclasses is regulated by a combination of intrinsic molecular programs and extrinsic signaling cues (Wonders and Anderson, 2006) . For example, the development of PV interneurons is mediated by extrinsic signaling through the brain-derived neurotrophic factor (BDNF) and tropomyosin-related receptor tyrosine kinase B (TrkB) pathway (Eto et al., 2010; Patz et al., 2004; Wahle et al., 2000) . To evaluate whether this pathway is altered in the Dgcr8 ;Cre= 33 cells; 2 animals per genotype; Fig. 6C ). The presence of TrkB in the PV cells that remain in the deletion animal is consistent with the fact that TrkB expression is required for normal PV interneuron development (Patz et al., 2004) and suggests that the cells which have reduced or lost TrkB expression fail to mature into PV interneurons. Additional studies examining the developmental time course of the TrkB loss will be required to resolve this point.
Additional electrophysiological characterization of PFC pyramidal neurons from control and Dgcr8 knockout mice
One alternative explanation for the phenotypes described by our data set is widespread cell death throughout the cortex accompanied by dysfunctional neurons. In order to rule this out as a major ;Cre = 2.0 ± 0.5 Hz; p = 0.57; Supplemental Fig. 5 ) indicating that Dgcr8 deletion did not result in a reduced capacity for pyramidal neurons to functionally integrate into excitatory circuitry within the cortex. Interestingly, when we analyzed the shape of isolated EPSC events, we found notable differences between genotypes. EPSC events from Dgcr8 knockouts were larger in amplitude than control (Dgcr8 fl/fl = 10 ± 1 pA; Dgcr8 fl/fl ; Cre = 12 ± 1 pA; p = 0.03). Also, the kinetics were markedly faster in the knockouts, as both the activation times (event 10-90% rise time: decay times (event half-width: Dgcr8 fl/fl = 8.4 ± 0.5 ms; Dgcr8 fl/fl ; Cre = 3.8 ± 0.5 ms; p b 0.0001) were faster in the Dgcr8 knockout than in the control.
Lastly, we examined the passive electrical properties of control and Dgcr8 conditional knockout pyramidal neurons. As expected for neurons of smaller size, input resistance (R in ) measured through the I-V plot of whole-cell current responses to a series of 5 mV voltage steps was significantly increased in Dgcr8 ;Cre neurons display altered whole-cell electrical properties consistent with morphological changes, but with no observable changes to specific membrane properties or leak conductances that may be associated with neuronal death.
Discussion
In this study, we demonstrate a critical role for Dgcr8-dependent miRNA biogenesis in the development of the cytoarchitecture of the cerebral cortex. We find that conditional ablation of Dgcr8 in newlyborn pyramidal neurons results in profound morphological defects, including microencephaly due to cortical thinning, decreased soma size, and loss of dendritic complexity. These results are largely in agreement with the anatomical findings from postmitotic deletions of Dicer (Davis et al., 2008; De Pietri Tonelli et al., 2008; KawaseKoga et al., 2009 ); however, we did not observe the grossly disrupted lamination which has consistently been reported across multiple conditional Dicer strains (De Pietri Tonelli et al., 2008; Kawase-Koga et al., 2009) , suggesting that miRNA-independent pathways may underlie this component of the Dicer phenotype. In addition, we performed immunohistological, electrophysiological, and behavioral analyses that have not previously been conducted in Dicer models, leading to the identification of a novel effect of miRNAs on inhibitory transmission.
This work is notable as the first molecular-to systems-level characterization of a conditional ablation of Dgcr8 in the mammalian CNS. As such, this study is the first to explicitly address the impact of miRNA loss in the developing cortex. Loss of other classes of small RNAs may have confounded the results of previous studies in which Dicer deletion was used as a measure of miRNA function. Side-byside deep sequencing of conditional Dicer versus Dgcr8 neuronal knockouts has identified a pool of highly-expressed non-canonical miRNAs that are processed by Dicer but not by Dgcr8. In addition, the Dicer knockout animals exhibited earlier lethality and significant structural abnormalities compared to the Dgcr8 knockout animals (Babiarz et al., 2011) . This is an important issue given that the identity and mechanism of action of other Dicer-dependent RNAs is largely unknown, and evidence suggests that their function may be distinct from that of canonical miRNAs. For instance, endo-siRNAs processed by Dicer typically result in target degradation, whereas Dgcr8-derived miRNAs more commonly act via translational repression Bartel, 2004) . Most recently, Dicer has been shown to have a novel miRNA-independent function in processing Alu RNAs, and conditional loss of Dicer induces Alu RNA toxicity leading to a macular degeneration phenotype, an effect not observed following loss of Dgcr8 (Kaneko et al., 2011) . Previous studies examining Dicer-dependent effects did not analyze Alu RNAs, and it is possible that toxicity induced by Alu RNAs may be a component of these phenotypes (Meister, 2011) . To isolate the miRNA pathway, it is therefore critical to characterize a system via depletion of Dgcr8 rather than Dicer.
Our finding that PV interneurons are selectively reduced in the PFC of Dgcr8 fl/fl ;Cre mice was unexpected because the Cre recombinase expression is limited to post-mitotic principle neurons of the cortex. This would suggest that elements extrinsic to interneurons, such as trophic factors expressed by principle neurons, might be dysregulated in Dgcr8 fl/fl ;Cre mice. BDNF and TrkB are required for the proper maturation of PV interneurons in the cortex (Eto et al., 2010; Patz et al., 2004; Wahle et al., 2000) , and loss of activitydependent BDNF results in reductions in PV expression as well as changes in IPSCs in the mPFC (Sakata et al., 2009 ). The reductions of both BDNF and TrkB in the PFC of Dgcr8 fl/fl ;Cre mice suggests that disrupted signaling through the BDNF/TrkB pathway may be in part responsible for the observed changes in PV expression and inhibitory transmission. miRNAs have been predicted to target BDNF itself; however, brain-specific miRNAs have also been shown to target molecules which regulate BDNF expression, including RE-1 silencing transcription factor (REST) (Conaco et al., 2006; Packer et al., 2008; Wu and Xie, 2006) and methyl CpG-binding protein 2 (MeCP2) (Im et al., 2010; Klein et al., 2007) , through homeostatic and doublenegative feedback interactions. Furthermore, miRNAs are thought to fine-tune gene expression and are commonly observed in feedforward and feedback loops which serve to maintain neuronal homeostasis (Tsang et al., 2007) . Given the pleiotropic effects of BDNF signaling as well as the multiple levels of regulation acting on BDNF, it is likely that the interaction between miRNAs and BDNF expression are complex and interconnected. Decreases in BDNF and TrkB are likely to have many downstream effects, and alterations in PV interneurons is only one of many possible consequences. Additional studies will be necessary to determine whether the loss of PV expression is directly due to the downregulation of BDNF or to other indirect effects of miRNA loss, as well as to determine the precise mechanism underlying the loss of PV neurons.
The selective reduction of PV interneurons is particularly interesting given that PV is expressed by basket cell interneurons which are known to primarily synapse perisomatically (DeFelipe, 1997; Freund and Katona, 2007; Williams et al., 1992) . Accordingly, reductions in this powerful source of inhibition would likely result in hyperexcitability and aberrant network activity, which may underlie some of the severe behavioral deficits observed in Dgcr8 fl/fl ;Cre mice.
While it is possible that the reduction in perisomatic inhibitory synapses may be in part due to the smaller cell bodies in the Dgcr8 fl/fl ; Cre, the change in inhibition is supported by electrophysiological recordings. Specifically, although IPSC frequency was dramatically reduced in pyramidal neurons, we found that the remaining IPSC events were significantly larger in amplitude, a result that was confirmed through mIPSC recordings as attributable to a postsynaptic origin. These results would indicate that despite the loss of miRNA expression, pyramidal neurons are still able to form functional postsynaptic GABA-A receptor complexes. The larger IPSC amplitudes could reflect a compensatory mechanism, such as synaptic scaling, in response to the deficit in perisomatic inhibition.
Our electrophysiological analysis of Dgcr8 fl/fl ;Cre pyramidal neurons also indicates that despite their morphogenic defects, these neurons sit hyperpolarized (Vm =~−60 mV), display a normal membrane time constant, fire action potentials, and receive excitatory as well as inhibitory synaptic transmission (Supplemental Fig. 5 ). While the elevated levels of cell death we observe could account for the microencephaly and for some of the changes in gross morphology, these physiological properties are not hallmarks of dying neurons, suggesting that the pyramidal neurons that survive are alive, functional, and integrated into cortical circuitry. We argue that increased cell death is unlikely to result in a consistent phenotype including decreased IPSC frequency, a specific loss of perisomatic inhibitory synapses, decreases in PV but not CR or SST interneurons, and seizure activity, which together suggest that mechanisms specific to inhibitory transmission are at work. Thus, the loss of a single class of inhibitory neurons (that have normal miRNA expression), while other types of interneurons develop normally, is both unexpected and novel. Together, our data suggest a model in which loss of Dgcr8 in pyramidal neurons leads to a BDNF-dependent, non-cell-autonomous effect on PV interneuron development. This selective reduction of PV interneurons accounts for the decrease in perisomatic synapses, which in turn, corresponds to the changes in inhibitory transmission.
Finally, our findings have potential implications for understanding the molecular mechanisms underlying human neuropsychiatric disease and illness. Abnormalities in interneuron development and function have been implicated in seizure disorders as well as in autism, anxiety disorders, and schizophrenia (Cobos et al., 2005; Powell et al., 2003; Wonders and Anderson, 2006) . Decreases in PV interneurons in the PFC specifically have been described in schizophrenia (Blum and Mann, 2002; Mellios et al., 2009; Zhang and Reynolds, 2002) , while changes in miRNA expression patterns have been reported in schizophrenia postmortem studies (Beveridge et al., 2008; Perkins et al., 2007) . In addition, Dgcr8 haploinsufficiency contributes to neurological, behavioral, and anatomical phenotypes of the 22q11 Deletion Syndrome (Schofield et al., 2011; Stark et al., 2008) , which has been proposed as a genetic subtype of schizophrenia (Liu et al., 2002) . Our findings delineate a novel connection between Dgcr8-dependent miRNAs in the cortex and PV neuron maturation, and as such, provide a potential inroad toward a mechanistic understanding of the cellular and molecular changes observed in schizophrenia. However, as human schizophrenia lacks the severe gross cortical malformations observed in Dgcr8 fl/fl ;Cre mice, a more likely scenario is that small-scale changes of specific miRNA levels during postnatal development similar to those observed in the heterozygous Dgcr8 mice (Fenelon et al., 2011; Schofield et al., 2011) , are involved in the emergent phenotypes of schizophrenia, including the changes in PV expression. Identification of individual miRNAs in the cortex mediating such effects will be the basis of future studies.
Supplementary related to this article can be found online at http:// dx.doi.org/10.1016/j.mcn.2012.06.002.
